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Aeroelastic Effects on the Roll Characteristics
of a Wraparound Fin Projectile

Seung-Kil Paek* and In Leef

Korea Advanced Institute of Science and Technology, Taejon 305-701, Republic of Korea

The roll characteristics of a projectile with wraparound fins in the supersonic flow region are analyzed consid-
ering the flexibility of the fins. Because of the inherent spin, wraparound fins are subjected to both aerodynamic
and centrifugal forces. The aerodynamic force is computed by solving the Euler equations in a body-fixed rotat-
ing coordinate frame. A finite element structure modeling and static deflection calculations, resulting from the
centrifugal force and the aerodynamic force of the wraparound fin, have been made. The equilibrium spin rate,
defined as the spin rate for which the net roll moment is zero, is selected as the major aeroelastic roll parameter.
The equilibrium spin rates at various velocity indices and mass ratios are computed. As velocity index or dynamic
pressure increases, the equilibrium spin rate increases. The increase of mass ratio or fin mass increases the stiffness
of the fin and decreases the effect of aerodynamic force on the equilibrium spin rate.
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Nomenclature
= reference area, nD2/4, m2

= roll moment coefficient, L/^p^U^A^
= roll-producing moment coefficient
= roll-producing moment coefficient derivative,

dC,/a<5,perrad
= roll-damping moment coefficient derivative,

= reference length, the diameter of the
projectile body, m

= Young's modulus, Pa
= contravariant flux vectors in generalized coordinates
= total energy, nondimensionalized by U^
= enthalpy, nondimensionalized by U^
= flux Jacobian
= stiffness matrix considering stress stiffening and spin

softening due to centrifugal load
= nondimensionalized stiffness matrix considering

stress stiffening and spin softening due to centrifugal
load

= roll moment, N-m
= reference mass, defined as psD3, kg
= freestream Mach number
= aerodynamic force vector
= centrifugal force vector
= centrifugal force vector, nondimensionalized

by MQDa)l
= pressure, nondimensionalized by p^U^
= freestream static pressure, Pa
= conservative flow variable vector
= source vector due to rotating coordinate frame
= contravariant velocities along the generalized

coordinates
= freestream flow speed, m/s
= Cartesian velocities component, nondimensionalized

byt/oo
= fin deflection, m
= nondimensionalized fin deflection,

nondimensionalized by D
= velocity index, defined as UQQ/Q^D^/IJL
= Cartesian coordinates, nondimensionalized by D
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= specific heat ratio
= mass ratio, defined as 2Mo/p<x #3

= generalized coordinates
= air mass density, nondimensionalized by p^
= structural mass density
= freestream air mass density, kg/m3

= roll spin rate, rad/s
= structural spin parameter, roll spin rate

nondimensionalized by o>o
= roll spin rate, nondimensionalized by Uoo/D
= equilibrium roll spin rate, nondimensionalized

by Uoo/D
a>Q = reference frequency, defined as J(ED/MQ)t rad/s

Introduction

W RAPAROUND fins, which are curved in the spanwise di-
rection, have been used primarily for their advantages in

packaging tube-launched projectiles during the past few decades.
These surfaces can fold against the cylindrical projectile body and
be made to fit into a launch tube, allowing more efficient use of
space. Thus, a greater number of wraparound fin projectiles can be
stored in the same space as fixed-fin projectiles designed to deliver
the same payload. Because of their special geometric shape, these
wraparound fins produce roll moment even at zero angle of attack,
which results in a spin in which the roll direction changes as the
Mach number varies.1

The accurate prediction of the roll characteristics of projectiles
is important in projectile designs. As the rotation of the projectile
about the body axis at a low spin rate can minimize the effect of
aerodynamic and inertial asymmetries on the free-flight trajectory,
conventional projectiles as well as wraparound fin projectiles have
proper spin rates. A good design will require an equilibrium spin
rate that avoids both the (rigid body) yawing frequency and the pro-
jectile's first natural frequency of vibration. The yawing frequency
is avoided to preclude the possibility of spin/yaw lock in, which may
lead to increase in yaw during flight. If the flight body experiences
spin rates near the first natural frequency of vibration, severe bend-
ing of the body may occur. Typically, the first natural frequency and
the yawing frequency represent an upper and lower bound of the
design equilibrium spin rate.2

Because of high dynamic pressure in low altitude where the pro-
jectiles mainly operate, the roll characteristics of projectiles with
flexible fins are expected to be different from those with rigid fins.
Because of spanwise curvature, spinning wraparound fins are sub-
jected to the bending moments caused by the centrifugal forces.
Hence, the wraparound fins are affected by centrifugal forces as
well as aerodynamic forces. These roll characteristics will vary de-
pending on how flexible the structure is. The current concern is the
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aeroelastic effects on the roll characteristics of wraparound fins in
the supersonic range. In this paper a numerical study was conducted
for a wraparound fin with double-wedge cross section. This is the
first known research about the aeroelastic roll characteristics of the
wraparound fin.

The roll behavior of a flight vehicle can be characterized by the
roll-producing moment coefficient, the roll-damping moment coef-
ficient, and the equilibrium spin rate. The roll-producing moment
coefficient is defined as the roll moment coefficient produced in the
absence of spin. The roll-damping moment coefficient is defined
as the roll moment coefficient derivative with respect to nondimen-
sionalized spin rate. The equilibrium spin rate is defined as the spin
rate at which the net roll moment is zero. Although the prediction
of the roll-producing moment is conceptually straightforward, the
roll-damping moment requires predictions of the roll moment in the
presence of spin. The steady flowfield about a body in rolling motion
can be observed from a body-fixed coordinate frame.3 A body-fixed
rotating coordinate frame is used in the current study to predict the
roll characteristics for a wraparound fin projectile at zero angle of
attack.

Analyses on roll characteristics of even rigid wraparound fins are
rare. Only the roll-producing moment coefficient had been deter-
mined for nonaxisymmetric bodies using Euler or Navier-Stokes
computational methods.4"6 Projectile designers relied on approxi-
mate methods7 to determine the roll-damping moment coefficient
or the steady-state spin rate. Recently, Weinacht and Sturek8 ap-
plied a computational method based on parabolized Navier-Stokes
equations to determine the roll-producing moment coefficient, the
roll-damping moment coefficient, and the equilibrium spin rate of
a nonaxisymmetric body.

In this paper the aerodynamic force is computed by solving the
Euler equations. The governing equations are appropriately modi-
fied to include the Coriolis and centrifugal accelerations resulting
from the rotating coordinate frame. A finite element modeling of
the fin structure and the static deflection computation by the cen-
trifugal force and the aerodynamic force of the wraparound fin have
been made by the multipurpose finite element code EMRC/NISA.9
The EMRC/NISA code can consider the centrifugal force resulting
from the fin mass itself as a body force and stress stiffening and
spin softening effects. Considering the computed structural deflec-
tion, the aerodynamic mesh is updated, and the aerodynamic force
is recalculated. The procedure is repeated to obtain a converged
solution.

For a consistent analysis a nondimensionalized aeroelastic equa-
tion was formulated considering the spinning motion. Nondimen-
sionalized aeroelastic parameters, such as velocity index and mass
ratio, were devised. For various velocity indices and mass ratios the
aeroelastic effects on the equilibrium roll rate of a projectile with
wraparound fins are studied.

Aerodynamic Model
The Euler equations of a strong conservative form in a generalized

coordinate system are given as10

(1)

where the conservative variable vector g, the flux vectors F, G, and
H, and the source vector S are

0 -Q*pv O]7
(4)

where the rotation axis is the x axis, whose direction is from the
projectile nose to the tail, and

U = few

I/a = f ( -

= rjxu + riy

(5)

(6)

The pressure p and enthalpy h can be related to the dependent
variables by applying the ideal gas law:

p = p(y - 1) [e - {(u2 + v2 + w2)\ (7)

h = e + p/p (8)

For a numerical implementation we used the finite volume method
for the spatial discretization and the diagonally approximate factor-
ization method by Pulliam and Chaussee11 for the time integration.
A more detailed explanation about the numerical technique is avail-
able in Refs. 4 and 10.

Aeroelastic Equation
A structural equilibrium equation can be written as

The aerodynamic load vector is changed by the fin deflection and
can be written as

where ACP and A are the pressure coefficient difference between the
convex side and the concave side of the wing and the area associated
with ACP. From Eqs. (9) and (10), the nondimensional equilibrium
equation can be written as

(11)

(12)

(13)
The square of the structural spin parameter £22 can be considered
as the ratio of centrifugal force to structural stiffness or the ratio of
inertia force to elastic force by the following relationship:

Equation (11) can be rewritten in more compact form as

[ K ( ^ ] { u Q ] = V2{ AC,(fi0, &)A] + (Pc(uQ, &)}

The nondimensional spin rates Q and £2* are related as

The square of velocity index is the ratio of dynamic pressure to
structural stiffness or the ratio of aerodynamic force to elastic force
by the following relationship:

Q=J~l[p pu pv pw pe]T (2) 2 E

F=J~l[pU

G=J~l[pV

H=J~l[pW

(3)
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For the constant E, the square of the velocity index is linearly related
to dynamic pressure. Hence, the increase of the velocity index can
be thought to be the increase of dynamic pressure. The mass ratio is
the ratio of the structural mass density to the air density. The increase
in mass ratio can be thought to be the increase of the wraparound
fin mass.

Roll Characteristics
In linear roll motion the roll moment is linearly related to fin cant

angle 8 and roll rate as

C/ = <V + C/n.a* (14)

However, wraparound fins have nonzero roll moment even without
cant angle and roll rate; therefore, Eq. (14) needs to be rewritten as

(15)

Mikhail7 has devised a correlation between C/5 and C/n, based
on the previous experimental data. His correlation for wraparound
fins is written as

Side View

Ck(yc/d)(l/hr
= 2.15 (16)

where yc is the distance between the body roll axis and the area center
of one fin panel and llh is the ratio of the arc length of the curved fin
chord to the distance between the two fin endpoints. The exponent
m varies with M^ as 0.1(1 + M^ + f M^). This correlation will be
used for comparison with the roll-damping moment computed by
the present Euler code.

Aeroelastic Analysis Procedure
The aeroelastic computation procedure is as follows: For the de-

sired velocity index, mass ratio, and spin rate £2*, S is computed by
Eq. (13) and used as an input to compute centrifugal force. With-
out aerodynamic force a NISA run is made, and the deflection by
centrifugal forces is computed. To consider the stress-stiffening and
spin-softening effects caused by the initial centrifugal load, a nonlin-
ear static analysis option is set. To consider the computed structural
deflection, the aerodynamic mesh of the fin surface is updated us-
ing the surface spline method.12 The aerodynamic grid points in the
inner domain are updated by spring analogy method.13 The aerody-
namic load for the updated aerodynamic grid at a spin rate ratio &
is computed and converted to finite element method (FEM) nodal
forces by the surface spline method. Another NISA run is made.
The following relaxation is introduced to reduce the computational
oscillations:

where UQ is the deflection on a wing surface mesh point, UQ is the
deflection at the nth iteration, and 0 is a relaxation factor and is
selected between 0.7 and 0.85. The entire procedure is repeated
to obtain a converged solution. The realistic magnitude of the fin
deflection can be obtained by multiplying UQ by D. The preceding
procedure is not for dynamic aeroelastic analyses, such as flutter,
but only for static analyses.

Euler Code Validation
Two configurational models were used in this analysis. The first

model was used to compare the roll-producing moment coefficients
computed by the present aerodynamic code with the experiment.
The second model was used to compare the computed roll-damping
moment coefficients with a correlation6 based on experiment data
and was used for the aeroelastic analysis. As a basic configuration, a
standard wraparound fin projectile determined by the TTCP (Tech-
nical Cooperation Program),1*6'14 as shown in Fig. 1, was used. The
body-fixed coordinate system and positive roll direction are also
shown in Fig. 1. The first model is the same as the standard TTCP
configuration, which had fins with symmetric leading- and trailing-
edge bevels. The detailed fin geometry is shown in Fig. 2. The second
model has fins with wing-tip bevel (Fig. 3). The second model will
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Fig. 1 Geometry of the TTCP standard projectile (in calibers).
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Fig. 2 Fin shape of the TTCP standard model (in calibers).
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Fig. 3 Fin shape used for computational model (in calibers).

be denoted as the aeroelastic model. The domain of calculation was
taken to be the region between the two fins with the upper surface
(concave side) of one fin and the lower surface (convex side) of the
adjacent fin as the boundaries of the domain. This region is referred
to here as a fin passage. In general, to model the influence of adja-
cent fins, the entire projectile with all of the fins needs to be solved.
However, for the axisymmetric flowfield with zero angle of attack
considered here, all fin passages can be assumed to be identical, and
only one fin passage needs to be solved by enforcing the conditions
of symmetry. The experimental data for the TTCP standard model
used for comparison were obtained from Ref. 6 and are originated
in Ref. 14. The experimental data themselves were made from the
flight test at the Jet Propulsion Laboratory (JPL). Figure 4 is a graph
showing the variations of roll moment coefficient with Mach num-
ber for the computations made by using the present Euler code and
the experimental data obtained at JPL. The positive roll is defined
in Fig. 1. Figure 4 shows that the roll moment coefficients com-
puted with the present Euler code agree well with the trend and the
magnitude of the experimentally obtained data. Another result by
Edge6 is that for the fin with the same configuration except the blunt
leading and trailing edge. See Ref. 4 for a detailed description and
discussion about this result.

As already mentioned, wraparound fins undergo spin by the roll
moment generated because of the span wise curvature. From roll mo-
ment values computed at several selected roll rates, an equilibrium
roll rate can be determined easily for the rigid wing. This compu-
tational procedure is demonstrated in Fig. 5, which is a plot for the
roll rate-roll moment coefficient curves of the aeroelastic model at
M = 1.3,1.7, 2.2, and 2.6. At M = 1.3 and 1.7, the equilibrium roll
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Fig. 4 Roll moment coefficient vs Mach number for computational
and JPL experimental data.
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Fig. 5 Roll moment coefficient vs roll rate at various Mach numbers
(for rigid fin).

rates are negative, and at M = 2.2 and 2.6, they are positive. The roll
moment coefficients change as a linear function of the roll rate. This
trend is the same as that for a nonaxisymmetric projectile found in
the reference of Weinacht and Sturek.7 The equilibrium roll rates
at various Mach numbers for the aeroelastic model are shown in
Fig. 6. We can see that the roll reversal point, defined as the Mach
number at which the roll direction changes, is at about M = 1.8. The
grid system used for the aeroelastic model is H-H type and its di-
mension is 85 x 25 x 41 (Ref. 10). The roll-damping coefficients for
the rigid fin are computed from the roll rate-roll moment coefficient
curves at various Mach numbers. The roll-damping coefficients for
wraparound fins are said to be difficult to obtain even experimen-
tally, and experimental data for comparison are rare. Hence, they are
compared with those computed by Mikhail's correlation of Eq. (16)
(Table 1 and Fig. 7). d& for the wraparound fin is needed to make
use of Mikhail's correlation and is obtained by comparing the roll
moment coefficient at cant angles 8 = —0.5 deg and that without
cant, as shown in Table 1. The correlation gives a somewhat larger
value in magnitude than the present computation, but the computed
values agree well with the trend and the magnitude. As the corre-
lation for wraparound fins is based on only one experimental data
set,7 the authors do not think that the present comparison is suffi-
cient evidence for the accuracy of the computation but do think that
the present computer code gives satisfactory results.

M 2Ci^/Cls(yc/dn(l/h)d]m

1.3
1.5
1.8
2.0
2.15
2.5
2.7

-1.585
-2.404
-4.125
-4.451
-4.625
-4.277
-4.317

-0.01789
-0.02045
-0.00082
0.00873
0.01352
0.01072
0.01167

-0.03593
-0.04926
-0.04606
-0.03759
-0.03581
-0.03806
-0.03489

2.067
3.301
5.184
5.308
5.653
5.590
5.336

.77492

.67727

.81694

.90203
1.84595
1.70361
1.78659

aRoll moment coefficient at cant angle 8 = -0.5 deg.
c(yc/d) = 0.8366. d (///») = 1.0972.

b[(C,a-C/0)/(-0.5x7r/180)].
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Fig. 6 Equilibrium roll rates at various Mach numbers.
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Fig. 7 Roll-damping moment coefficients at various Mach numbers.

Aeroelastic Analysis
The fin structure is modeled using 4 x 8 eight-node quadrilateral

general shell elements in the EMRC/NISA code. The number of
the finite elements are sufficient for the present analyses. To choose
appropriate values for the nondimensional parameters, the material
properties for 6061-T6 aluminum alloy and the aerodynamic prop-
erties for the sea-level standard atmosphere are used. The data set
used is listed in Table 2. The velocity index changes as a function
of Mach number. Velocity indices at two Mach numbers are given
in Table 3 for the assumed speed of sound. The order of the velocity
indices is about 10~3 and that of the mass ratios is about 103. For
the velocity index range from 0 to 3.0 x 10~2 and the mass ratio
range from 102 to 105, the aeroelastic equilibrium roll rates were
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Table 2 Structural and aerodynamic properties used
for the selection of the aeroelastic parameters

Property Value

Young's modulus, E
Shear modulus, G
Mass density, ps

Speed of sound, a
Air density

Structural*

Aerodynamic^

70Gpa
29Gpa

2860 kg/m3

340.3 m/s
1.225 kg/m3

aThe material properties of 6061-T6 aluminum alloy.
bThe aerodynamic properties at sea level.

Table 3 Parameters computed using
the properties of Table 2

Parameter Value

D
MQ
Ct)Q

0.1016m
3.000kg

48694 rad/s
4669.4

1.2079xlO~3a

-2.6172 x 10~3b

aThe value determined at M —1.2.
bThe value determined at M - 2.6.
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0.004

0.002

o.ooq r

M = 2.5, V,= 1.6x10 , / / = 1000

Q* = 0.005

Deflection
due to centrifugal & aerodynamic force

Deflection
due to centrifugal force only

I I I I
8 9 10

Iteration
Fig. 8 Convergence history of static deflection at the trailing edge of
the fin tip.

computed. The selected nondimensional parameters are somewhat
greater than the realistic value in magnitude but are used to ob-
serve more clearly the aeroelastic effects. The analysis has been
done at M = 1.714 and 2.5. The equilibrium roll rates for the rigid
wing at both Mach numbers are the same in magnitude but are dif-
ferent in sign (£2*q = 2.51 x 10~3). In other words, comparing the
aeroelastic equilibrium roll rates at the Mach numbers where the
magnitudes of equilibrium roll rates for rigid wing are the same,
the change of aeroelastic effects with respect to Mach number are
observed.

Figure 8 shows a typical convergence history of the static deflec-
tion for a parameter set where M = 2.5, V/ = 1.6 x 10~2, \JL = 1000,
and £2* = 0.005. It is a plot of the static deflection in the y-axis
direction at the trailing edge of the fin tip. In Fig. 8, the static de-
flection caused by the centrifugal force is small compared with the
s_tatic deflection caused by the aerodynamic force because of small
&(= 0.0025). From the computations performed in this analysis, the

0.02

y 0.01

0.00

o -0.01

-0.02

- Rigid wing
- Flexible wing

V, = 0.03
^=100.

Roll rate(Q*)xl03

Fig. 9 Comparison between roll moment coefficient curves of rigid
and flexible wraparound fin at M = 1.714.

static wing-tip deflections at Q = 0.02 and 0.04 are calculated to be
—0.004 and —0.014, respectively. For the converged static deflec-
tion and flowfield, the roll moment coefficient is computed. Figure 9
shows the variations of the roll moment coefficient with the roll rate
for the elastic wing as well as for the rigid wing at M = 1.714.
The roll moment coefficient of the flexible wing changes as a linear
function of roll rate, as well as that of the rigid one. From Fig. 9 we
can observe that the roll-producing moment coefficient, the equi-
librium roll rate, and the roll-damping moment coefficient of the
elastic wing increase as the velocity index increases.

Figures lOa and lla show the aeroelastic equilibrium roll rates
computed at various velocity indices and mass ratios at M = 1.714
and 2.5. From those figures one can see that the equilibrium roll
rate increases as the velocity index increases. Figure 12 shows the
pressure distribution and static deflection along the chord at the 96%
arc length of the leading edge at the equilibrium roll rate for the case
that M = 2.5, V/ = 3.2 x 10"2, and /i = 1000. The pressure differ-
ence between the convex and concave side of the wrap-around fin
acts as a nose-down moment. As the increase in the velocity index
means the increase in the dynamic pressure, it gives an increase
in the leading-edge deflection, the local angle of attack, and the
roll-producing moment. Hence, the increase in the velocity index
increases the equilibrium roll rate. The preceding results are there-
fore reasonable. Moreover, the roll reversal point can be changed
because of aeroelastic effect.

Figures lOa and lla also show that at a larger mass ratio the
change of equilibrium roll rate with velocity index is smaller, which
means that the aeroelastic effect decreases as the mass ratio in-
creases. As the change of the equilibrium roll rate is much smaller
than the change of the mass ratio, the increase in mass ratio is directly
related to the increase of & as seen in Figs. lOb and 1 Ib. As already
seen, increasing Q means increasing centrifugal force. Centrifugal
force may increase the stiffness of the wraparound fin because of
the combined effect of stress stiffening and spin softening. Hence,
one can think that increasing the mass ratio increases the stiffness
of the wraparound fin and decreases the effect of the aerodynamic
force represented by the velocity index, which explains Figs. lOa
and lla.

At M = 1.714, incidentally, the rigid wing spins in the negative
direction, but the roll direction of the flexible wing changes as the
velocity index increases (see Fig. lOa). At A/ = 2.5 the trend is
the same as that at the lower Mach number, but the change of the
equilibrium roll rate with the increasing velocity index is smaller
(Fig. lla).

The aspect ratio, or the ratio of span to fin chord of the com-
putational model used in this paper, is much smaller than that of
the other wraparound fin projectiles.1'7 The thought is that the aero-
elastic effects of the larger aspect ratio wraparound fins will become
larger than the present model because their torsional stiffness will
be smaller.
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Fig. 10 Aeroelastic equilibrium roll rate at M = 1.714.
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Fig. 11 Aeroelastic equilibrium roll rate at M = 2.5.
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Fig. 12 Pressure distribution at the 96% arc length along the leading
edge of the wraparound fin at the equilibrium roll rate.

Conclusions
The aeroelastic roll characteristics for a projectile with wrap-

around fins are computed in the supersonic regime. This is the first
research about the aeroelastic roll characteristics of the wraparound
fin. The flowfield is computed by solving the Euler equation in a
body-fixed rotating coordinate frame. From the computed flowfield
the aerodynamic roll parameters are determined. The predictions
of the roll-producing and roll-damping moment coefficients for the
rigid fin have been compared with experimental data and with re-
sults obtained using a correlation based on previous experiment data,
respectively.

A finite element structure modeling and static deflection com-
putation of the elastic wraparound fins, resulting from the cen-
trifugal force and the aerodynamic load, have been made by the
EMRC/NISA code. The equilibrium spin rates of a projectile with
the elastic fin at various velocity indices and mass ratios have been
determined. From these results the following conclusions are ob-
tained.

The increase in velocity index (or dynamic pressure) increases the
equilibrium roll rate. In other words, the effect of aerodynamic force
for flexible wraparound fins is to increase the equilibrium roll rates.
Hence, the roll reversal point can be changed. This indicates that
aeroelastic effect can be an important factor in the roll characteristics
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of the wraparound fin. Increasing mass ratio decreases the effect of
velocity index on equilibrium spin rate. In other words, the increase
in mass ratio (or wraparound fin mass) increases the stiffness of the
fin and decreases the effect of aerodynamic force on the equilibrium
spin rate. As already noted, the first natural frequency of the flexible
projectile and the (rigid body) yawing frequency represent an upper
and lower bound of the design equilibrium spin rate. As the aero-
elastic effects increase the spin rate, the thought is that the design
equilibrium spin rate may as well exist near the lower bound. When
an excessive increase of the spin rate is anticipated, the designer
may as well consider a mass distribution to increase the centrifugal
force.

The aspect ratio of the computational model used in this study
is much smaller than the conventional wraparound fin projectile,1'7
for which the aeroelastic effects may become larger. Subsequent
studies for larger aspect ratio fins are anticipated.
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